A subset of the GABAA receptors expressed in recombinant systems and neurons is known to exhibit both 2 constitutive-and agonist-induced gating. Two such receptors are the δ-subunit containing GABAA receptors 3 α4β1δ and α4β3δ, which are expressed in adult rodent hippocampal dentate gyrus granule cells (DGGCs). 4
Introductionand 3-5 min of BIC, GBZ or PTX. Cell capacitance (CP) and series resistance (RS) were measured every 3-4 1 min throughout the recording and 80 % compensated for RS. Cells were excluded from analysis if values for 2 CP and RS deviated more than 30 % from initial values determined at baseline. For evoked synaptic events, 3 a constant current stimulus isolator (A365, WPI) was used to deliver a 0.5 ms rectangular current pulse via a 4 bipolar theta glass electrode (Sutter, OD 1.5 mm), pulled to obtain 3-5 µm openings and filled with ACSF. 5
Stimulation electrodes were positioned either proximal (maximum 20 µm from cell soma) or distal, in the 6 outermost 20 µm of the molecular layer. Whole-cell recordings were made using a Multiclamp 700A patch 7 clamp amplifier controlled by pClamp 9 software and digitized at 10 kHz with a digidata 1322 (all Molecular 8 Devices) and filtered (8-pole Bessell) at 3 kHz. 9
10

Analysis of patch clamp recordings in DGGCs 11
The average holding current value was assessed as the center-value, xc, of a single Gaussian fit of the 12 general expression A * e −0,5 * ( x−xc w ) 2 to single-point trace-values in a two-min period (one-min for final 13 antagonist) sampled at a 100 ms interval. The analysis-window for baseline-and drug-period ended 14 immediately prior to beginning of bath perfusion of the ensuing drug. The tonic current density (TCD) was 15 calculated as the difference in holding currents divided by the cell capacitance (pA/pF) and all TCD values 16 are reported ± SD. Thus, an increase in the GABAA receptor gating (e.g. by an agonist) results in a negative 17 value for TCD. A positive value for TCD occurs when the current shuts. The noise was analyzed in some 18 cases and was calculated as the center-value of a Gaussian fit to values of SD of 2 ms periods sampled at 100 19 ms intervals. Tonic currents, noise analysis and evoked events were analyzed in Clampfit 9 and Origin 20 (OriginLab, 2017). Spontaneous mIPSCs were analyzed in Synaptosoft (6.07) and Origin as previously 21 detailed (Hoestgaard-Jensen et al., 2014). Synaptic events included in the average waveform were detected 22 with a 6*RMS threshold determined in the drug period to obviate false detections due to the increased noise 23 during Thio-THIP application. The EC50 value for GBZ effect on tonic current was determined as the 24 concentration of half-maximal effect (x0) in a fit to a logistic function of the general expression = ( 
GABAA receptor expression and FLIPR TM membrane potential (FMP) Blue Assay on HEK-293 cells 1
The FMP assay was performed on HEK-293 Flp-In TM cells expressing the human 41 and 43 GABAA 2 receptor as described previously (Falk-Petersen et al., 2017) . In brief, HEK-293 Flp-In cells stably 3 expressing the human GABAA -subunit (HEK- cells) were transfected in a 1:1 ratio (4 g + 4 g) of 4 human 4 (pUNIV plasmid) and human 1 (pUNIV plasmid) and 2:0.01 ratio (8 g + 0.04 g) of 4 to 5 human 3 (pcDNA3.1) using Polyfect Transfection Reagent (Qiagen, West Sussex, UK). 16-24 hours after 6 transfection, cells were plated into black poly-D-lysine coated clear bottom 96-well plates (BD Biosciences, 7
Bedford, MA, USA) at 50,000 cells/well. After 16-20 hours, the media was aspirated, cells were washed and 8 added 100 µl/well of FMP blue dye (0.5 mg/ml) (Molecular Devices (Sunnyvale, CA, USA) followed by 9 incubation for 30 min in a humidified 5% CO2 incubator at 37 C. Ligand solutions were prepared in assay 10 buffer in 5x which for antagonist testing contained a concentration of GABA corresponding to GABA EC80. 11
Ligands were added to a 96-well ligand plate and incubated for 15 min at the desired recording temperature 12 (either 22 or 37 C) in the NOVOstar TM plate reader (BMG, LABTECH GmbH, Offenburg, Germany). The 13 plate was read using an emission wavelength of 560 nm caused by excitation at 530 nm with response 14 detected as changes in fluorescent signal given in fluorescent units (FU). The obtained data is based on 2-3 15 independent experiment each with three technical replicates. All potency determinations were based on at 16 least three independent experiments. Data was analyzed as relative changes in the fluorescent signal by 17 taking the maximum compound induced peak/plateau signal and subtracting the baseline signal. Changes in 18 the fluorescent signal caused by ligand addition to the wells and artefacts were manually omitted for the 19 analysis. Concentration-response curves were fitted using the four-parameter concentration-response curve: 20
with bottom being the lower plateau response and top the upper.
[A] is the logarithmic concentration of the 22 compound and nH the hill slope. Antagonists were fitted using the same equation giving IC50 instead of EC50 23 as for the agonist. 24
Western blots 1
After decapitation, the cortex and hippocampus were rapidly dissected, snap-frozen on dry ice and stored at -2 80 °C until use. Crude synaptically enriched membranes were prepared by quickly thawing the brain tissue at 3 37 °C and adding 5x w/v of 50 mM Tris HCl, pH 7.4 supplemented with EDTA-free protease inhibitors 4 (Roche). Tissue was homogenized using 2 x 1 mm zirkonium-oxide beads in the Bullet Blender (Next 5
Advance, NY, USA) for 30 sec at max. speed. Protein concentration was determined using Bradford protein 6 assay and 10 µg of each sample was loaded. Blots were probed with anti-1, anti-4, anti-β2 (all a gift from 7
Assoc. Prof. Dr. Petra Scholze, Medical University of Vienna, Center for Brain Research), anti- (#868A-8 GDN, Phosphosolutions, USA), anti-2 (#NB300-190, Novus Biologicals, Littleton, USA), anti-β3 (#NBP1-9 47613, Novus Biologicals), anti-GAPDH (# NB600-502, Novus Biologicals, Littleton, USA) and anti-10 
Experimental design and statistical analysis 21
Hypothesis testing was performed as described in the "Results" section using either one-way ANOVA with 22 appropriate post-hoc test for multiple comparisons or t-tests for pair-wise comparisons, depending upon the 23 experimental design as specified in the text. In connection with each experiment the statistical test employed 24 along with the F value (when applicable), P value, standard error and number of experiments are stated. Dataare generally stated as mean ±SD except for mean potencies which are stated as pEC50/pIC50 ±SEM. For 1 overview, number of experiments and significance levels are further provided in the figure legends. 2 3
Results
4
We set out to determine the magnitude of the constitutive and the agonist-induced tonic current in DGGCs 5 under varying conditions of temperature, free intracellular Ca 2+ concentration and PKC activity. We found 6 that the magnitude of the endogenous tonic current after blocking GABAA receptors with 20 µM BIC 7 differed significantly among conditions for the experiment (condition a through d, figure 1A , table 1). 8
Specifically, the GABAA receptor-mediated tonic current density (TCD) measured using 20 µM BIC in To proceed, two cases were considered: If extracellular levels of GABA mediated the TCD in condition b, 21
GABAA receptors could be internalized in conditions a, c and d, and thus not in the capacity to respond to 22 the extracellular levels of GABA. If, on the other hand, the TCD in condition b was due to constitutive 23 activity, then channels must be either shut or internalized in conditions a, c and d. In either case, the effect of 24 bath-applied orthosteric agonists should reveal if the recording conditions had created a functional differencein the number of receptors available for activation. We therefore tested the δ-subunit selective agonists Thio-1 THIP (100 µM) and THIP (2 µM) in condition a through d (figure 2). In order to compare with effects of 2 GBZ (below), for these and the following experiments, we used PTX rather than BIC to block agonist-3 induced currents. highly dependent on recording condition (figure 2A, C-G), the peak of the averaged non-contaminated 2 mIPSC was, however, similarly diminished by Thio-THIP in all conditions (figure 2B, 2D, E). The reduction 3 in the synaptic mIPSC occurs because peri-synaptic α4β1/3δ receptors activated by bath applied Thio-THIP 4
are not available for "further" activation by synaptically released GABA, and therefore the peak is composed 5 of fewer GABA-activated channels, and thus reduced. This suggested that peri-synaptic and Thio-THIP-6 responding receptors contributing to the mIPSC are not subject to the same regulation imposed by the 7 recording conditions as extrasynaptic receptors, and probably not similarly phosphorylated as non-synaptic follows that we should expect a TCD near zero for GBZ in the conditions under which the constitutive gating 25 is shut. However, in these conditions, GBZ (10 µM), although completely blocking all mIPSCs, also induceda TCD, i.e. an apparent receptor activation, of (mean pA/pF±SD) -1.0±0. pA/pF±SD, n = 14 and 12, respectively, table 1) was non-significant (one-way ANOVA, F=1.89, P=0.16). 16 Table 1 GBZ displayed an IC50 of 0.50 µM (pIC50=6.3±0.07, n=3) (figure 4E). The constitutive activity at both 37 °C 12 and 22 °C was neglible (no effect of BIC at baseline activity, not shown), and we did not observe any current 13
induced by GBZ at neither receptor subtype ( figure 4C, F) . 14
Figure 4 near here 15
Because the effect of GBZ and Thio-THIP were both dependent on the presence of the δ-subunit and both 16 ineffective at producing a significant TCD when the constitutive gating was present (condition b, figure 2  17 and table 1), we hypothesized that their effects were mediated by the same receptors. We tested in conditions 18 b and d if GBZ (1 and 10 µM) could affect the TCD induced by Thio-THIP (100 µM). In condition b, Thio-19 THIP induced a TCD of -0.3±0.3 pA/pF±SD which was not changed by 10 µM GBZ (paired t-test, P=0.6, 20 n=8, figure 5A ). In condition d, the TCD induced by Thio-THIP (-1.2 ±0.2 pA/pF±SD, n = 13, figure 5B ) 21 also was not significantly changed by 1 µM GBZ (paired t-test, n=5, P=0.25) or 10 µM GBZ (paired t-test, 22 n=8, P=0.1). 23
Figure 5 near here 24
Because the effects of GBZ (at 10 µM, maximum effect, figure 5B ) and Thio-THIP were not additive, this 1 suggested that their effects could be mediated through the same (saturable) mechanism. Thio-THIP displays 2 a selectivity for the α4β1/3δ receptor subtype, sparing other hippocampal δ-subunit partnerships (for a list of 
t-test). An additional 13
qualitative observation was that the onset of the noise by Thio-THIP, or the shutting of it by GBZ, was fast 14 (see figure 5A -B and 5G), reaching a plateau within tens of seconds after onset, whereas the TCD by either 15
Thio-THIP or GBZ continued to develop for typically 2 minutes after onset. These data obtained in β1 -/-mice 16 infer that the GBZ response involves, at least in part, β1-containing receptor subtypes -in addition to δ-17 subunit containing receptors, possibly in a common subtype, e.g. α4β1δ. 18 We next wanted to analyze possible compensatory changes in GABAA receptor subunit levels as a 19 consequence of the β1 deletion. To address this we compared the expression levels of α1, α4, β2, β3, δ and γ2 20
GABAA subunits in β1
-/-and β1 +/+ counterparts by Western blotting. As illustrated in figure 5H , β1 -/-and β1
whole hippocampal tissue did not exhibit significant differences in the content of the subunits (blots in 22 extended data set, figure 5-1). Albeit only the entire hippocampus was investigated, these data support that 23 the β1-subunit plays a direct role in the observed effects of GBZ, and that this is not a result of compensatory 24 mechanisms pertaining to related subunits, either by sequence or expression profile. 25
Figure 6 near here
Despite the fact that GBZ and Thio-THIP induced a TCD of similar magnitude, GBZ did so without any 1 increase in the noise. A functional arrangement that may explain and link these discrepant observations is by 2 considering the possibility of a predominately dendritic location of the GBZ current source. Due to the 3 filtering properties of the dendrites, the visible noise must originate electrotonically close to the soma 4 (recording electrode), whereas the magnitude of the TCD, the DC component, is much less restricted by 5 filtering (Spruston et al., 1993; Johnston, 1995) . We assessed the possibility that the TCD induced by GBZ 6 could have significant distal dendritic contribution in rats by comparing the effect of GBZ (1 µM) on evoked 7 events from electrotonically proximal and distal loci, recorded from rat DGGCs in condition b and d (figure 8 6). The peak current was normalized to the slope of the I-V curve and the reversal potential for the proximal 9 and distal events calculated from linear fits demonstrating the presence of a significant space-clamp error 10 resulting in a difference of 21.8 mV for the reversal potential of the proximal vs the distal event ( figure 6A-11 B). The difference in reversal potential can be used to identify the origin of the spontaneous-and mIPSCs, 12 because spontaneous IPSCs reversed at the same potential as the proximally evoked inhibitory event (not 13 shown), arguing for an origin of spontaneous IPSCs at electrotonically short distances from the soma (see 14 also (Soltesz et al., 1995) ). A few neurons were filled with biocytin to reveal the extent of the dendritic tree 15 ( figure 6C ). The distance between the proximal and distal stimulation electrodes were on average 260 µm 16 (range 210 -290 µm), largest for cells recorded from slices that originated ~350 µm ventral to the 17 hippocampal commissure (which was the most dorsal slices recorded from). The inhibitory effect of GBZ (1 18 µM) on proximal and distal evoked inhibitory events ( figure 6D ), recorded in condition b and d showed that 19 a distal component was reduced significantly less, and at a slower rate in condition d than b. 20 
21
Discussion 22
In the present study we show that the magnitude of the constitutive and the agonist-induced tonic current 23 passed by possibly α4β1/3δ GABAA receptors in adult rodent DGGCs is determined by temperature, free 24 intracellular Ca 2+ levels and PKC activity. By comparing effects of the orthosteric agonists THIP and Thio-25 THIP, the orthosteric antagonists BIC and GBZ, and the channel blocker PTX in four different recordingconditions in adult rats, δ +/+ , δ -/-, β1 +/+ and β1 -/-mice, we demonstrate the existence of an inverse relationship 1 of the constitutive vs. the agonist-induced tonic current in DGGCs. Further, we show that only under the 2 conditions of a shut constitutive current, does GBZ induce a PTX-sensitive tonic current. This current is 3 completely dependent on the expression of the δ-and to some degree also the β1-subunit, elucidated with the 4 first in vitro phenotypical description of a β1 -/-mouse strain. However, this effect of GBZ could not be 5 replicated in human α4β1/3δ receptors expressed in HEK-293 cells, suggesting a component missing in HEK 6 cells, compared to DGGCs. Our data suggest that in vivo efficacy of δ-subunit specific agonists (i.e. THIP) in 7
DGGCs, is diminished in conditions of increased PKC activity. 
GBZ and the constitutive current in DGGCs 7
The two orthosteric GABAA receptor antagonists, GBZ and BIC, exert different effects against 8 spontaneously active GABAA receptors: BIC shuts spontaneously active receptors and is termed an inverse 9 agonist whereas GBZ is ineffective towards these and termed a neutral antagonist (Birnir et figure 3B ). However, since GBZ introduces a current 13 by itself only under conditions of a shut constitutive current, we conclude that the TCD is the result of an 14 action by GBZ at a shut receptor, and not BIC displacement. Similar to the effect of Thio-THIP in recording 15 condition b described above, the effect of GBZ was hidden in the already active constitutive current. This 16 effect of GBZ in DGGCs was PTX-and DS2-sensitive, completely δ-subunit dependent, TPMPA-17 insensitive, partially β1-dependent and displayed an EC50 of 2.1 µM. However, we were unable to 18 demonstrate that GBZ induces a current in recombinant α4β1/3δ receptors expressed in HEK-293 cells ( figure  19 4 A-F). It is possible that intracellular components acting through the TM3-TM4 loop at β subunits 20 mediating the effects of GBZ in DGGCs, are missing in the HEK-293 cells. Alternatively, it is possible that 21 δ-subunit containing α-or β-heterodimer receptors in dendrites of DGGCs with a different response to Thio-22 THIP, THIP and GBZ are responsible. Since GBZ had no effect on the TCD induced by Thio-THIP in β1 +/+ 23 mice, but reduced the TCD by Thio-THIP in β1 -/-mice ( figure 5C, D) , we conclude that, in addition to the δ-24 subunits, the β1 subunit containing receptors are also involved in the response by GBZ, but not exclusivelyso. We hypothesize that GBZ induces a specific receptor state, which also characterizes the phosphorylated, 1 constitutively active α4β1/3δ receptors. 2
3
The GBZ mediated current originates in distal dendrites 4
The TCD induced by GBZ in condition a, c and d carried much less noise compared to the similar TCD 5 magnitude induced by Thio-THIP in the same conditions (for mice, figure 5D, E) . This discrepancy between 6 noise and TCD may be explained by a dendritic origin of the GBZ-current, since the low-pass filtering 7
properties of the dendrites reduce the noise, but much less the DC-component (Spruston et al., 1993; 8 Johnston, 1995) . The different response to GBZ of proximal and distal IPSCs in condition b and d (figure 6) 9
suggests that this is indeed the case, supported by the lack of high affinity GBZ responding channels at the 10 soma (Wlodarczyk et al., 2013) and by the identification of a temperature-sensitive population of δ-subunit 11 containing GABAA receptors in the dendrites of DGGCs (Wei et al., 2003) . This very likely reflects the same 12 population of receptors in DGGCs seen here, given that recordings at 24 °C are comparable to recordings at 13 34 °C including kinase inhibitors (figure 1A, 2A, 2F and 3A) with respect to effect of orthosteric agonists, 14 constitutive current and effect of GBZ. 15
In conclusion, we have described the existence of kinase-dependent behavior of receptors that disguises the 16 efficacy of orthosteric agonists and GBZ. A pathology involving increased δ-subunit containing GABAA 17 receptor phosphorylation would result in a reduced efficacy of the agonist in vivo, but not in a whole cell 18 patch clamp analysis, because disease-state specific changes in intracellular Ca Thio-THIP in adult δ +/+ and δ -/-mice and the effect on the average mIPSC peak in the same recordings (n = 10 9-10, *** P<0.001, ** P<0.01 paired t-test for same-cell measurements, unpaired for different cells). 11 Western blots of whole hippocampal homogenate from β1 +/+ and β1 -/-mice, displaying absence of β1 subunit 7 immunoreactivity in β1 -/-mice (left) and no significant compensatory changes in α1, α4, β2, β3, δ and γ2 8 subunits in β1 -/-mice compared to β1 +/+ (right, see extended data figure 5-1 for individual WBs). 9 calculated as the ratio of the difference in holding current between baseline and drug period over cell 5 capacitance. Statistical difference is determined between compound effects in the different conditions by 6 ANOVA followed by Bonferroni mean comparison. **: P<0.01 ***: P<0.001. 7
